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FOREWORD
This d i s s e r t a t i o n  de s c r i be s  the apparat us  of  a high 
energy cosmic ray e x pe r i me n t .  The apparat us  1s now being  
used a t  the L o u i s i a n a  S t a t e  U n i v e r s i t y  Cosmic Ray La b or a ­
t o r y .  I t  1s l o c a t e d  on Chalk Mountain near  C l i max ,  C o l o ­
r ado ,  a t  an a l t i t u d e  o f  t we l v e  thousand f e e t .  The d i s s e r -
1 4t a t i o n  has two p a r t s ,  each o f  which has been p u b l i s h e d .  *
The f i r s t  p a r t  1s a d e s c r i p t i o n  o f  the whole e x p e r i me n t ,  
to which many o t her s  besides my s e l f  c o n t r i b u t e d .  The 
second p a r t  1s a d e s c r i p t i o n  o f  the pul se  h e i g h t  r ec o r d i ng  
system,  which was a p a r t  o f  my own work.
The p r o j e c t  s t a r t e d  1n 1964 as an idea in the minds 
of  Pr o f e s s or s  K. Plnkau and R. W. Hu g g e t t .  I t  moved to 
Colorado 1n 1968,  and 1s produci ng dat a  today a f t e r  an e x ­
p e n d i t u r e  of  over  one m i l l i o n  d o l l a r s .  Many people  have 
c o n t r i b u t e d ,  but  the p r o j e c t  mi ght  never  have succeeded  
w i t h o u t  Mr.  Leonard D. Chisholm.  He was the I n d i s p e n s a b l e  
e n g i n e e r ,  p r o j e c t  manager ,  and genera l  "spark  plug"  o f  the  
e x p e r i m e n t .  I count  1 t  a p r i v i l e g e  to have known him,  as 
we l l  as the o t h e r s .
I a lso a p p r e c i a t e  the f i n a n c i a l  a i d  o f  the Dr.  Char les  
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ABSTRACT
P a r t  1 o f  the d i s s e r t a t i o n  d es c r i be s  an exper i ment  
which I s  underway to st udy the p r o p e r t i e s  o f  gamma rays  
e m i t t e d  f rom i n d i v i d u a l  I n t e r a c t i o n s  o f  known u l t r a  high  
energy ( ' v l O  TeV) .  Th i s  e xper i ment  is being c a r r i e d  out  
a t  an a l t i t u d e  o f  3 . 7  km (660 g / cm2 ) 1n the Lo u i s i a n a  S t a t e  
U n i v e r s i t y  Cosmic Ray L a b o r a t o r y  l o c a t e d  near  C l i ma x ,  Co l o ­
rado.  An emulsion chamber o f  unique design i s  used to de­
t e r mi ne  t he  e n e r g i e s  and s p a t i a l  r e l a t i o n s h i p s  of  gamma 
rays e m i t t e d  I n  the decay o f  tt° mesons o r i g i n a t i n g  f rom 
i n d i v i d u a l  I n t e r a c t i o n s  o f  u l t r a  high energy hadrons I n  a 
carbon t a r g e t  l o c a t e d  above t he  emulsion chamber.  The 
t o t a l  energy o f  an event  i s  de t ermi ned usi ng an I o n i z a t i o n  
s p e c t r o me t e r  havi ng a l ow-Z ( g l a s s )  absorber  which i s  about  
11 i n t e r a c t i o n  mean f r e e  paths deep.  I o n i z a t i o n  w i t h i n  the  
s p e c t r o me t e r  1s sampled every  2 r a d i a t i o n  l e ng t h s  by l a y e r s  
o f  p l a s t i c  s c i n t i l l a t o r  which are  viewed by p h o t o m u l t i ­
p l i e r s .  Space and energy r e s o l u t i o n  w i t h i n  the spect rome­
t e r  a re  a ch i eved by using image 1 n t e n s 1 f 1 e r  cameras t h a t  
g i v e  r i g h t - a n g l e  s t e r e o s c o p i c  photographs o f  high energy  
cascades passing through the l a y e r s  o f  s c i n t i l l a t o r .  Time 
r e s o l u t i o n  w i t h  t he  emulsion chamber is ach i eved by p u l s i n g  
the Image 1 n t e n s 1 f 1 e r  cameras as we l l  as neon f l a s h  tube  
hodoscopes when the I o n i z a t i o n  energy loss w i t h i n  the
v
spect romet er  exceeds a t h r e sho l d  va l u e .  Soon a f t e r  the  
events o f  I n t e r e s t  have oc c ur r e d ,  emulsions c on t a i n i ng  the  
events are removed f o r  processing and a n a l y s i s .
P a r t  2 descr i bes  1n d e t a i l  the pulse he i g h t  r e c o r d ­
ing system used In the exper i ment .  This system can phot o­
g r a p h i c a l l y  record wi t h  one dual -beam o s c i l l o s c o p e  the 
ampl i tudes of  10 simul taneous p h o t o m u l t i p l i e r  pulses over  
a f our - decade  dynamic range wi t h  an accuracy of  ±1.5% over  
the e n t i r e  range.  The s i gna l  processi ng t ime is 2 .2  usee.  
The basi c  c i r c u i t  i s a l o g a r i t h m i c  p u l s e - h e 1 g h t - t o - t i m e  
c o n v e r t e r  w i t h  two t r i g g e r i n g  l e v e l s ,  r e q u i r i n g  twel ve  
t r a n s i s t o r s  per  I nput  channel .  The dynamic range of  the 
devi ce  could be e a s i l y  extended to s i x  decades,  and the 
t w o - l e v e l  technique can be a p p l i e d  to d i g i t i z e d  r ecord i ng  
systems and pul se  he i g h t  a n a l y z e r s .  The c i r c u i t  has been 
found to meet the above s p e c i f i c a t i o n s  over  a t emper a t ure  
range from - 19  to +38°C.
v i
1. GENERAL DESCRIPTION OF THE EXPERIMENT1
An exper iment  1s being c a r r i e d  out  to ob t a i n  I n f o r ­
mat ion about  the gamma rays emi t t ed  from I n d i v i d u a l  I n t e r ­
ac t i ons  1n carbon of  hadrons of  known u l t r a  high energy.
The apparatus f o r  t h i s  exper iment  Is being operated a t  an 
a l t i t u d e  of  3 . 7  km (660 g / cm2) 1n the Loui s i ana  St a t e  U n i ­
v e r s i t y  Cosmic Ray Labor a t or y  l oca t e d  near Cl i max,  Colorado.
A schemat ic diagram of  t h i s  apparatus 1s shown 1n 
F1g. 1.  An I n c i d e n t  u l t r a  high energy hadron s t r i k e s  f i r s t  
the 15 cm t h i c k  carbon t a r g e t .  I f  the hadron s u f f e r s  an 
I n t e r a c t i o n  1n the t a r g e t ,  most of  the secondar i es  w i l l  
escape and pass downward I n t o  the emulsion chamber.  A 
space has been provi ded between the t a r g e t  and the emulsion  
chamber to a l l o w  the secondar i es to undergo some l a t e r a l  
spr eadi ng.  The emulsion chamber cons i s t s  of  a l t e r n a t e  
l a y e r s  of  lead and emul s i on,  a t o t a l  of  about  11 r a d i a t i o n  
l e n g t h s .  Hence,  1n the emulsion chamber a l l  of  the gamma 
rays from the pr i mary  I n t e r a c t i o n  w i l l  produce e l e c t r oma g­
n e t i c  cascades.  I d e a l l y ,  none of  the secondary hadrons 
would I n t e r a c t  1n the emulsion chamber,  and they would 
l eave  the emulsion chamber along wi t h  the remnants of  the 
e l e c t r oma gn e t i c  cascades.  ( I n  p r a c t i c e ,  t h e r e  w i l l  be some 
I n t e r a c t i o n s  1n the emulsion chamber o f  t hese secondary  
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SCALE
F1g.  1.  Schemat ic diagram o f  the e n t i r e  a p p a r a t u s .  The 
diagram shows the r e l a t i v e  p o s i t i o n s  o f  the neon 
f l a s h  tube hodoscope a r r a y s ,  the carbon t a r g e t ,  
t he  emulsion chamber,  and the I o n i z a t i o n  
s p e c t r o m e t e r .
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those o f  the pure e l e c t r o m a g n e t i c  component . )  F i n a l l y ,  a l l  
p a r t i c l e s  plunge I n t o  an I o n i z a t i o n  s pe c t r o me t e r  which 1s 
used to measure the pr i mar y  ener gy .
Above and below t he  carbon t a r g e t  as we l l  as above 
and below t he  emul sion chamber a r e  crossed doubl e  l a y e r s  
of  neon f l a s h  tubes ( 1 . 7 5  cm 1n d i a m e t e r ) .  When a s u i t a b l e  
s i gna l  has been ob t a i n e d  from the i o n i z a t i o n  spe c t r o me t e r  
the f l a s h  tubes are  pul sed and photographed.  The neon 
f l a s h  tube photographs a n d / o r  the Image I n t e n s i f i e r  phot o­
graphs (see below)  g i v e  the d i r e c t i o n  of  the pr i mar y  as 
wel l  as t he  l a t e r a l  p o s i t i o n  of  the event  1n the emulsi on  
chamber.  Thus,  the emulsions which c o n t a i n  event s  can be 
remuved f o r  pr oce s s i ng  and a n a l y s i s .  Fresh emulsions can 
be I n s e r t e d  I n t o  the chamber to r e p l a c e  those removed.  The 
emulsions removed w i l l  be processed and scanned f o r  t he  
cascades.  Since t he  cascade must exceed some minimum energy  
1n o r d e r  to be found,  1 t  1s f e l t  t h a t  t he  pr i mar y  e n e r g i e s  
t h a t  w i l l  be I n v o l v e d  1n t h i s  exper i ment  w i l l  be around  
10 TeV.
The emulsi on chamber 1s made o f  s t r i p s  of  l ead which  
are  I n c l i n e d  a t  an angl e  of  19° to t he  v e r t i c a l .  These  
l ead s t r i p s  form s l o t s  I n t o  which g l a s s - b a c k e d  I l f o r d  K-5 
emulsions 27 cm x 10 cm x 0 . 3  cm a r e  p l a c e d .  There a r e  
a p p r o x i m a t e l y  2000 comportments f o r  t hese  emul sion p l a t e s .  
The emul sions 1n these compartments a r e  r e a d i l y  a c c e s s i b l e  
f o r  removal  and r e p l a c e me nt .  F u r t h e r mor e ,  they  w i l l  be
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o r i e n t e d  a t  such an a ng l e  t h a t  f o r  n e a r - v e r t i c a l  e v e n t s ,  
most o f  the e l e c t r o m a g n e t i c  cascades w i l l  be near  the o p t i -  
mum l e n g t h  per  emul sion p l a t e  f o r  most e f f i c i e n t  scanning.  
Because of  t he  v e r t i c a l  spacing o f  the emulsion chamber and 
the t a r g e t ,  2000 GeV cascades w i l l  be sepa r a t e d  by about  
200 microns 1n the emulsion chamber.  These can be r e a d i l y  
r e s o l v e d .  On t he  o t h e r  hand,  t he  cascade s e p a r a t i o n s  w i l l  
be s u f f i c i e n t l y  smal l  so t h a t  the g r e a t  bulk of  the gamma 
rays ( I n c l u d i n g  those w i t h  e n e r g i e s  as low as 25 GeV) w i l l  
be c o n t a i n e d  w i t h i n  an area  of  about  1 cm2 .
The I o n i z a t i o n  s p e c t r o me t e r  1s shown s c h e m a t 1 c a l l y  
in more d e t a i l  1n F1g.  2.  The t o t a l  depth o f  the spec­
t r o m e t e r  i s  about  11 I n t e r a c t i o n  l e n g t h s .  The I o n i z a t i o n  
w i t h i n  the spe c t r o me t e r  1s sampled by 20 sheets  of  P i l o t  Y 
p l a s t i c  s c i n t i l l a t o r .  Each sheet  o f  s c i n t i l l a t o r  has d i ­
mensions o f  91.5 cm x 183 cm x 2 . 5 4  cm. The s c i n t i l l a t o r s  
are  viewed two a t  a t i me  through a i r  by p a i r s  o f  p h o t o ­
m u l t i p l i e r s  ( w i t h  added o u t p u t s )  using the geometry shown 
1n F1g.  2.  Th i s  geomet ry g i ves  a u n i f o r m i t y  o f  ±4*  over  
the e n t i r e  1 . 7  m2 area  o f  t he  s c i n t i l l a t o r  s hee t s .  Pulse  
h e i g h t s  f rom the 10 p h o t o m u l t i p l i e r  channel s  a r e  measured 
over  a dynamic range o f  f o u r  decades us i ng a l o g a r i t h m i c  
pul se  h e 1 g h t - t o - t 1 m e  c o n v e r t e r  devel oped s p e c i f i c a l l y  f o r
4
t h i s  p r o j e c t .  This  system a l l ows  the t en pu l se  h e i g h t s  to 
be d i s p l a y e d  on the f a c e  of  a s i n g l e  dual -beam o s c i l l o s c o p e .  




















F1g, 2. Plan view of  I o n i z a t i o n  spec t r omet er ,  p h o t o m u l t i ­
p l i e r s  (PMT) ,  m i r r o r  a r r a y s ,  and image 1 n t e n s i f 1 e r  
cameras.  ( This  was the c o n f i g u r a t i o n  used 1n the  
Baton Rouge t e s t i n g .  In the mountain I n s t a l l a t i o n  
the 183 cm 1 nt e ns 1 f 1 e r  system 1s on the opposi te  
si de  to the l e f t  o f  the 9 1 . 5  cm 1n t e n s l f 1e r . )
6
R e l a t i v e  c a l i b r a t i o n s  are  made using a pulsed nanosecond 
l i g h t  source.  See Sec t i on  2 f o r  the d e t a i l s .
The I o n i z a t i o n  spect romet er  1s unique 1n t h a t  1t  em­
ploys a low-Z a bsor be r ,  g l a s s .  This absorber  was chosen 
f o r  severa l  reasons:  a)  Due to the low atomic number of
the absor ber ,  the f r a c t i o n  of  the pr imary energy going i n t o  
energy of  nuc l ear  d i s i n t e g r a t i o n s  w i l l  be r e l a t i v e l y  smal l ,  
b) The mean atomic number of  the absorber  1s f a i r l y  c l ose  
to t h a t  of  the s c i n t i l l a t o r  so t h a t  spur ious e f f e c t s  
w i t h i n  the s c i n t i l l a t o r  r e s u l t i n g  from low-energy charged 
eva por a t i on  p a r t i c l e s  from nuc l ear  d i s i n t e g r a t i o n s  w i l l  be 
mi ni mi zed,  c)  The c r i t i c a l  energy of  the absorber  1s 
f a i r l y  c l ose  t o  t h a t  of  the s c i n t i l l a t o r  so t h a t  ( t r a n s l -  
1 1on) e f f e c t s  on the cascades when they pass from the ab­
sorber  I n t o  the s c i n t i l l a t o r  should be mi ni mi zed.
The low d e n s i t y  absorber  lias the d i sadvant age  t h a t  
i t  reduces the geomet r i ca l  f a c t o r  of  the spect romet er .  The 
geomet r i ca l  f a c t o r  f o r  t h i s  apparatus 1s 0.1 m2 sr .
The high energy hadrons I n c i d e n t  on the apparatus  
w i l l  f o r  the most p a r t  be secondary p a r t i c l e s  from an 
I n t e r a c t i o n  t h a t  has occurred 1n the atmosphere above.  
I n c i d e n t  p a r t i c l e s  wi t h  ener g i es  around 10 TeV w i l l  have on 
the average se par a t i ons  of  5 - 10  cm upon reachi ng the appa­
r a t u s .  Now t h i s  Is much less than the l a t e r a l  dimensions  
of  the appar a t us .  Hence,  t h e r e  w i l l  us u a l l y  be m u l t i p l e  
I nc i dence  upon the apparatus of  the u l t r a  high energy
7
p a r t i c l e s  w i t h  which t he  exper i ment  i s  ma i n l y  concerned.
I t  1s thus necessary  to have space r e s o l u t i o n  and the  
c a p a b i l i t y  f o r  measur ing the I n d i v i d u a l  e n e r g i e s  of  t hese  
s i mul t aneous u l t r a  high energy n u c l e a r - e l e c t r o m a g n e t i c  c a s ­
cades w i t h i n  t he  s pe c t r o me t e r .  Thi s  1s achi eved by s t e r e o -  
s c o p l c a l l y  phot ogr aphi ng much of  the devel opment  of  the  
cascades as they  pass through the l a y e r s  of  p l a s t i c  s c i n ­
t i l l a t o r  w i t h i n  the s p e c t r o me t e r .  For t h i s ,  two pulsed  
image 1 n t e n s 1 f 1 e r  cameras and m i r r o r  systems are  u s e d . 6 * 7 
These are  shown s c h e m a t i c a l l y  i n  F i g .  2 and F i g .  3.
The s c i n t i l l a t o r  sheets a re  viewed from two s ides  
by the image 1 n t e n s 1 f 1 e r  cameras.  On each o f  two a d j a c e n t  
s i des  o f  the s p e c t r o me t e r  1s a complex a r r a y  o f  s t r i p  
m i r r o r s  which e q u a l i z e  t he  l i g h t  paths f rom each of  t he  
s c i n t i l l a t o r s  and compress t he  f i e l d  of  v iew to exc l ude  
most o f  the g l ass  a bso r b e r .  L i g h t  f rom the cascades i s  
imaged onto t he  I n p u t  photocathodes o f  EMI 9694B Image I n ­
t e n s i f i e s .  These are  f ou r  s t a g e ,  c a s c a d e - t y p e  I n t e n s i ­
f i e s  w i t h  magnet i c  f o c u s i n g .  The tubes are  oper a t ed  wi t h  
steady high v o l t a g e  across the f i r s t  t h r e e  s t a g e s ,  but  wi t h  
no v o l t a g e  across the l a s t  s t a g e .  Thus,  1n the s t eady con­
d i t i o n  p h o t o e l e c t r o n s  are  prevent ed f rom r ea ch i ng  the o u t ­
put  screen of  t he  t ube .  The l a s t  s t age  1s pulsed when the  
e l e c t r o n i c  l o g i c  c i r c u i t r y  has de t er mi ned t h a t  an event  of  
I n t e r e s t  has o c c u r r e d .  The I n t e n s i f i e d  Image then reaches  
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Fi g .  3.  Side view o f  s p e c t r o m e t e r ,  showing p h o t o m u l t i ­
p l i e r s ,  m i r r o r  a r r a y s ,  and i n t e n s i f i e r .
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of  the cascades wh i l e  the e l e c t r o n i c s  Is making t he  d e c i ­
sion to pul se .  Of course ,  the 1 n t e n s 1 f i e r s  a l so a mpl i f y  
the l i g h t  s i g n a l .  When operated a t  a f u l l  gain of  about  
106 , t he  t h r e sh o l d  f o r  photographing a cascade in a sheet  
of  s c i n t i l l a t o r  corresponds to the cascade having a few 
hundred c l o s e l y  spaced p a r t i c l e s  1n t h a t  s c i n t i l l a t o r  sheet .
The system has been 1n o p e r a t i on  at  the mountain-  
a l t l t u d e  l a b o r a t o r y  s i nce  January 1969.  Two of  the e a r l y  
photographs of  u l t r a  high energy showers obt a i ned wi th the 
system are shown 1n F1gs.  4 and 5.  In Fi g.  4 1s a near l y  
v e r t i c a l  cascade which In the l ower  h a l f  of  the spect rome­
t e r  a t t a i n e d  s u f f i c i e n t  development  to be r ecorded.  (The 
v e r t i c a l  column of  b r i g h t  images to the r i g h t  of  the photo­
graph 1s the r e s u l t  o f  f i d u c i a l  l i g h t s . )  F1g.  5 shows an 
I n c l i n e d  shower I n c i d e n t  from the r i g h t  on the lower  h a l f  
of  the spec t r omet er .
Thus,  the i n i t i a l  o p e r a t i o n  of  the system I n d i c a t e s  
t ha t  wi t h  the i o n i z a t i o n  spect romet er  employing p l a s t i c  
s c i n t i l l a t o r ,  one can t ake  advantage of  t he  p o s s i b i l i t i e s  
of  the l umi nescent  chamber.  From the r l g h t - a n g l e  s t e r e o s ­
copy,  I t  appears po s s i b l e  to det ermi ne the d i r e c t i o n a l i t y  
of  s l m u l t a n e o u s l y - o c c u r r l n g , u l t r a  high energy cascades and 
thereby l o c a t e  t hese events 1n the emulsion chamber.  Fur ­
thermore from measurements of  the o p t i c a l  d e n s i t i e s  of  the  
Images on these photographs,  1 t  should be pos s i b l e  to de­
t ermine the r a t i o s  of  the ener g i es  of  these cascades ( I f
10
F1g.  4.  Image I n t e n s i f i e r  photograph o f  a n e a r l y  v e r t i c a l
cascade which 1n the lower  h a l f  of  t he  spe c t r o me t e r  
a t t a i n e d  s u f f i c i e n t  development  to be r ec or ded .
The v e r t i c a l  column o f  b r i g h t  images a t  t he  r i g h t  
of  the photograph 1s t he  r e s u l t  of  f i d u c i a l  l i g h t s .
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Ftg.  5. Image I n t e n s i f i e r  photograph of  an i n c l i n e d  shower 
i n c i d e n t  from the r i g h t  on the lower h a l f  of  the  
s p e c t r o m e t e r .
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not t he  e n e r g i e s  t h e m s e l v e s ) .  This i n f o r m a t i o n  along wi t h  
t h a t  f rom the p h o t o m u l t i p l i e r s  (which measure t he  t o t a l  
I o n i z a t i o n  w i t h i n  the s p e c t r o me t e r )  w i l l  g i v e  e ne r g i e s  of  
the i n d i v i d u a l  n u c l e a r - e l e c t r o m a g n e t i c  cascades 1n t he  
s pec t r o m e t e r .
The bas i c  measurements 1n t h i s  exper i ment  w i l l  I n ­
v o l v e  t he  e ne r g i e s  and angl es  o f  t he  gamma rays from each 
u l t r a  high energy hadron I n t e r a c t i o n  1n carbon as wel l  as 
the energy of  the pr i mar y  hadron.  From t hese  measurements,  
one can o b t a i n  f o r  t he  gamma rays o f  each e ve nt  t r a n s v e r s e  
momenta,  c e n t e r - o f - m a s s  system e n e r g i e s ,  c e n t e r - o f - m a s s  
system a n g l e s ,  and the m u l t i p l i c i t y .  I t  should be po s s i b l e  
to measure the ener g i es  of  I n d i v i d u a l  gamma rays to an a c ­
curacy o f  about  20% up to I n d e f i n i t e l y  high e n e r g i e s .  P r i ­
mary e n e r g i e s  should be measurabl e  to an accuracy o f  around 
1 0 - 2 0 %.
The exper i ment  c o n c e n t r a t e s  on d e t e r mi n i n g  r a t h e r  
c o m p l e t e l y  and we l l  the p r o p e r t i e s  of  one component of  the  
secondar i es  f rom u l t r a  high energy I n t e r a c t i o n s ,  namely,  
the gamma r a y s .  These gamma rays a r i s e  ma i n l y  f rom the  
decay o f  n e u t r a l  p l ons .  These n e u t r a l  plons r e f l e c t  the  
p r o p e r t i e s  o f  a l l  o f  t he  produced p l ons .  Si nce plons con­
s t i t u t e  about  80% o f  t he  p a r t i c l e s  produced 1n the I n t e r ­
a c t i o n s ,  t h i s  l i m i t e d  e x pe r i men t  has the c a p a b i l i t y  o f  
d e t e r m i n i n g  many of  the gross f e a t u r e s  o f  mu l 1 1- p a r t  1 c l e  
p r o d u c t i o n  a t  u l t r a  high e n e r g i e s .
2. PULSE HEIGHT RECORDING SYSTEM4
2.1 I n t r o d u c t i o n
For t h i s  e x p e r i me n t ,  i t  was necessary to have a 
d a t a - g a t h e r l n g  system which would r ecord  the he i ght s  of  
many s i mul t aneous  p h o t o m u l t i p l i e r  tube pulses whose a m p l i ­
tudes coul d  d i f f e r  by as much as a f a c t o r  of  1 0 1*. I t  was 
d e s i r e d  t h a t  the r e c o r d i n g  process be f i n i s h e d  w i t h i n  
2 usee a f t e r  the i n i t i a t i o n  o f  the pulses  1n or der  to avoi d  
I n t e r f e r e n c e  from a subsequent  h i g h - v o l t a g e  t r a n s i e n t  gen­
e r a t e d  e l sewher e  by t h e  e x p e r i me n t a l  a p p a r a t u s .  The event  
r a t e  1s l ow,  about  one per  day ,  so t he  data  can be recorded  
1n an anal ogue form on o s c i l l o s c o p e  photographs r a t h e r  than  
1n a d i g i t a l  f or m.  Y e t ,  an accuracy  o f  a t  l e a s t  a few p e r ­
cent  over  t he  e n t i r e  range of  a mpl i t ude s  was d e s i r e d .
There  a re  a t  l e a s t  two o t h e r  w i d e - r a n g e  r e c o r d i n g  
8 9systems,  * both f o r  cosmic ray e x p e r i me n t s ,  but  they  have 
s i g n a l  pr ocess i ng  t imes o f  the o r d e r  o f  100 psec.  One sys ­
tem r e q u i r e s  many o s c i l l o s c o p e s ,  w h i l e  t he  o t h e r  r e q u i r e s  
a t  l e a s t  27 t r a n s i s t o r s  per  i n p u t  channel  and ,ias o n l y  10% 
a c c u r a c y .
The t e c h n i q ue  chosen here 1s a m o d i f i c a t i o n  of  the  
l o g a r i t h m i c  p u l s e - h e l g h t - t o - 1 1 me c o n v e r t e r s  used 1n some 
a n a l y z e r s .  In those  a n a l y z e r s , the i nput  pul se  1s a dmi t t ed  
t hrough a l i n e a r  ga t e  and charges a c a p a c i t o r .  The gat e  1s
13
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then c l osed and the c a p a c i t o r  d i s c h a r g e s  s l owl y  I n t o  a 
1e v e l - d e t e c t o r  c i r c u i t .  The decay t i me  c o n s t a n t  1s u s u a l l y  
o f  the o r d e r  o f  m i l l i s e c o n d s .  In t he  meant i me,  a c l oc k  os ­
c i l l a t o r  has begun to send pul ses to a d i g i t a l  c ount e r  
which 1s s t a r t e d  t he  i n s t a n t  t he  c a p a c i t o r  1s charged.  At  
t he  I n s t a n t  t he  c a p a c i t o r  v o l t a g e  decays below some p r e s e t  
t r i g g e r  v o l t a g e ,  the l e v e l  d e t e c t o r  cuts o f f  t he  c l ock  os­
c i l l a t o r .  The c o u n t e r  t hen r e g i s t e r s  a t ime which 1s p r o ­
p o r t i o n a l  to the l o g a r i t h m  o f  the I n i t i a l  v o l t a g e  to which 
the c a p a c i t o r  was char ged .  Some shor tcomi ngs of  t h a t  s y s ­
tem a r e  ( 1 )  w i d e - r a n g e  l i n e a r  gat es  a r e  d i f f i c u l t  to b u i l d ,
( 2 )  l a r g e  pul ses r e q u i r e  a long t ime to be pr ocessed ,  and
( 3 )  t he  accur acy  begins to s u f f e r  when the pul se  h e i g h t  
gets over  100 t imes h i g he r  t han t he  t r i g g e r i n g  l e v e l .
These f a c t o r s  l i m i t  t he  range o f  pu l se  he i g h t s  which can be 
recorded 1n a s h o r t  t i me  w i t h  r e a s o na b l e  a c cur acy .
The system d e s c r i b e d  here  overcomes t he  dynamic  
range l i m i t a t i o n  by us i ng s e v e r a l  t r i g g e r i n g  l e v e l s  which 
d i f f e r  by s e v e r a l  or der s  of  magni t ude .  The system uses no 
l i n e a r  gates or  s t o r ag e  c a p a c i t o r s .  I n s t e a d ,  the phot o ­
m u l t i p l i e r  pu l ses  ( f rom e m i t t e r  f o l l o w e r s )  a re  a p p l i e d  
d i r e c t l y  and s i mu l t a n e o u s l y  to h i g h -  and l o w - l e v e l  t r i g g e r s .
2 . 2  Method o f  Op e r a t i o n
The system makes use o f  t he  p u r e l y  e x p o n e n t i a l  shape 
o f  p h o t o m u l t i p l i e r  pu l s e s .  By v a r y i n g  t he  anode r e s i s t a n c e  
and c a p a c i t a n c e  a t  each p h o t o m u l t i p l i e r ,  the decay t ime
1 5
c o n s t a n t  o f  the pul ses 1s p r e a d j u s t e d  to 432 nsec.  (The  
r i s e  t i me should be l ess  than 20 n s e c , )  When an event  
oc cur s ,  two t h i n g s  happen.  A c o i n c i d e n c e  c i r c u i t  t r i g g e r s  
an o s c i l l o s c o p e  sweep,  and pul ses  appear  s i mu l t a n e o u s l y  on 
t he anodes o f  each p h o t o m u l t i p l i e r  and s t a r t  to decay.  In 
our  e x p e r i m e n t ,  we have 20 p h o t o m u l t i p l i e r s  and e m i t t e r  
f o l l o w e r  c i r c u i t s  f rom which 10 pul ses are  d e r i v e d  by means 
of  pass i ve  mi xer  c i r c u i t s .  The r e s u l t i n g  10 e x p o n e n t i a l l y -  
decaying v o l t a g e s  go to 10 t w o - l e v e l  p u l s e - h e i g h t - t o - t i m e  
c o n v e r t e r s .  (See t he  system diagram 1n F i g .  6 . )
Each c o n v e r t e r  c o n s i s t s  o f  two 1e v e l - d e t e c t o r s  ( t u n ­
nel  d i ode  Schmi t t  t r i g g e r s )  whose sol e  duty  is to emi t  a 
sho r t  t i me  marker  pu l se  (10 nsec wi de)  whenever  t he  I n p u t  
v o l t a g e  f a l l s  below a p r e s e t  l e v e l .  The upper  t h r e s h o l d  1s 
200 mV, and t he  l ower  t h r e s h o l d  1s 2 mV. The I np u t  pulse  
1s a p p l i e d  s i m u l t a n e o u s l y  to both d e t e c t o r s  w i t h  one of  the  
t h r e e  f o l l o w i n g  r e s u l t s :  ( 1 )  I f  t he  i n i t i a l  a mp l i t u d e  1s
l ess than 3 mV, n e i t h e r  d e t e c t o r  emi ts  a t ime marker  p u l s e .  
( 2 )  I f  the I n i t i a l  a m p l i t u d e  Is g r e a t e r  than 3 mV but  l ess  
than 300 mV, the l o w - l e v e l  d e t e c t o r  emi ts  a s p i k e  a t  t he  
I n s t a n t  the I n p u t  v o l t a g e  decays below 2 mV. The h i g h -  
l e v e l  d e t e c t o r  1s not  t r i g g e r e d .  ( 3 )  I f  the pul se  h e i g h t  
exceeds 300 mV, both d e t e c t o r s  emi t  s p i k e s .  F i r s t ,  the  
h i g h - l e v e l  d e t e c t o r  1s t r i g g e r e d  when the I n p u t  v o l t a g e  
decays t hrough 200 mV. Ne x t ,  the l o w - l e v e l  t r i g g e r  emi t s  a 
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F i g .  6.  Block diagram of  pul se  h e i g h t  r e c o r d i n g  system.
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and l o w - l e v e l  spi kes  a r e  always separ a t e d  by a f i x e d  I n t e r ­
v a l ,  I n  t h i s  c a s e ,  2 . 0  psec.
F i g ur e  7 I l l u s t r a t e s  the r e l e v a n t  r e l a t i o n s h i p s .
The l e n g t h  of  t i me  between the beg i nn i ng  of  the  
event  and t he  o cc u r r e nc e  of  the sp i kes  1s d i r e c t l y  p r o p o r ­
t i o n a l  to t he  n a t u r a l  l o g a r i t h m  o f  the I n i t i a l  pul se  h e i g h t :  
= t ime f rom s t a r t  o f  event  to h i g h - l e v e l  sp i ken
=* 432 log ( e / 2 0 0 )  nsec,  ( t 7 - t 0 ) = t i me from s t a r t  of  event  
to l o w - l e v e l  s p i k e  =  432 log [ e / 2 )  nsec,  where E i s the  
I n i t i a l  a mp l i t u d e  of  the pul se  1n mV. T h e r e f o r e ,  t he  oc­
c ur r e n c e  t i me  o f  a sp i ke  1s a measure of  the I n i t i a l  pul se  
h e i g h t ,  which can be computed as f o l l o w s :
E = 200 e x p [ ( t ^ ~ t o ) / 4 3 2 ]  mV; E -  2 e x p [ ( t ^ - t 0 ) / 4 3 2 ]  mV ,
where t he  t ime I n t e r v a l s  a r e  1n nanoseconds.
The h i g h - l e v e l  spi ke  1s p o s i t i v e  and t he  l o w - l e v e l  
s p i k e  1s n e g a t i v e .  Both of  t hese  spi kes go to the o u t p u t  
of  each c o n v e r t e r .  A dual -beam o s c i l l o s c o p e  d i s p l a y s  t he  
spi kes  f rom a l l  10 c o n v e r t e r s ,  5 on each beam. The he i ght s  
of  the spi kes on t he  o s c i l l o s c o p e  screen are  coded so t h a t  
one can d i s t i n g u i s h  t he  spi ke  f rom one I np u t  channel  f rom 
t h a t  o f  a n o t h e r .  A s p i k e  f rom channel  1 1s 1 / 4  cm h i g h ,  
p o s i t i v e  or  n e g a t i v e ;  f rom channel  2,  1 / 2  cm h i g h ,  p o s i t i v e  
or  n e g a t i v e ;  and so f o r t h .
I f  the o s c i l l o s c o p e  t r a c e  were e x a c t l y  2 . 0  usee 1n 





































-2 0 0  MV-
F1g. 7.  Re l evant  r e l a t i o n s h i p s  In pu1s e - h e 1 g h t - t o - t i m e
c onver s i on .  Upper graph shows t y p i c a l  I nput  to a 
c o n v e r t e r ,  superimposed on the two t r i g g e r i n g  
l e v e l s  o f  the c o n v e r t e r .  F 1s I n i t i a l  ampl i tude  
of  pu l se .  Lower graph shows output  of  the con­
v e r t e r .  to 1s the s t a r t i n g  t ime of  event ;  and 
t i  are  the t imes t h a t  the pulse decays through the 
upper and lower l e v e l s ,  r e s p e c t i v e l y .
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the t r a c e .  ( I f  the h i g h - l e v e l  spike were on the t r a c e ,  the 
l o w - l e v e l  spi ke f o l l o w i n g  2 . 0  psec behind the f i r s t  would 
be o f f  the t r a c e . )  So only f i v e  spikes would appear  on a 
t r a c e .  However,  t he  t r a c e  d u r a t i o n  to be used 1n t h i s  e x ­
per iment  1s 2 . 2  psec 1n or der  t h a t  t he r e  be s u i t a b l e  o v e r ­
l appi ng between upper and lower  l e v e l s .  Thus,  1n a few 
cases t h e r e  may be more than f i v e  spikes per t r a c e .  Since  
the spikes are narrow compared to the t r a c e  w i d t h ,  they  
r a r e l y  c o i n c i d e ;  when they do,  the I n f o r ma t i o n  1s s t i l l  r e ­
c over ab l e  .
F i gur e  8 shows a t y p i c a l  o s c i l l o s c o p e  d i s p l a y .  The 
p o l a r i t y  of  each spi ke  I n d i c a t e s  t he  l e v e l  t r i g g e r e d ,  the  
he i ght  of  each spi ke t e l l s  which I nput  channel  1t  r e p r e ­
sent s ,  and the occurrence t ime of  each spi ke  ( r e l a t i v e  to a 
dot  marking t 0 ) 1s a measure of  the pulse he i ght  1n the  
cor responding I nput  channel .  The r e c o r d i ng  process is  com­
p l e t e d  by photographing the d i s p l a y .
The t r i g g e r i n g  l e v e l s ,  decay t i me ,  and t r a c e  width  
s e l e c t e d  g i ve  a minimum r e c o r d a b l e  pulse h e i g h t  of  3 mV and 
a maximum o f  32 V. That  1s,  the dynamic range 1s more than 
4 decades,  or  80 dB.
2 .3  C i r c u i t r y  D e t a i l s
Each t w o - l e v e l  c on v e r t e r  1s ha r d l y  more than t h r e e  
X10 a m p l i f i e r s  1n s e r i e s  and two tunnel  diode Schmi t t  t r i g ­
gers .  (See F i gs .  9 and 1 0 . )
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CHANNEL 5, _ 
UPPER LEVEL
CHANNEL 3, 
LOWER LEVELDOT MARKS f,
CHANNEL IO,_ 
LOWER LEVEL
F1g.  8* T y p i c a l  o s c i l l o s c o p e  d i s p l a y  o f  system o u t p u t .
Re f e r ence  dot  marks s t a r t  of  e v e n t .  He i ght  o f  
each sp i k e  I d e n t i f i e s  channel  o f  o r i g i n ;  p o l a r i t y  
i n d i c a t e s  whet her  h i g h -  or l o w - l e v e l ;  occur r ence  











F i g .  9.  Block di agram o f  one of  t he  t w o - l e v e l  
t ime c o n v e r t e r s .





t Q *!_W  'iopf 1(_-------
4T0V
|i
! . ■*••.* . ?  H T« 
OO'BT •
■ it AMtiiraa I f  AMUJffrl
T O  WIT «
t m T t O  iB c i O t f l t
•ten
it t
L f t p f  *fSO t l t T  4
l.ljtf j  
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F1g. 10. C i r c u i t  diagram of  the t wo- l eve l  he1ght - t o - t 1me conv e r t e r .  The 120,  15,  6 . 8 ,  and 
1 .5  uF capac i t ors  are tantalum e l e c t r o l y t l c s .  C3 , C* ,  C5 are Er i e  0.001 uF feed-  
through c apac i t or s .  The 0.01 uF,  0.001 uF,  and 390 pF capac i t or s  are ceramic.
Al l  r e s i s t o r s  are 1/4 W unless ot herwise I n d i c a t e d .  The 1% r e s i s t o r s  are IRC CEM 
T-0 metal  f i l m  r e s i s t o r s .  Qi ,  Qs, Q**, . . . ,  Qs are 2N 390 5 * s ; Q* is a 2N3250; Q«, 
Q1 0 . Q1 1 . Q12 are 2N708 * s ; Di ,  Da , D3 , D*, are 1H4739A Zener diodes;  D5 and D( are  
1N3712 tunnel  diodes;  D7 and D, are 1N914 diodes;  Ti  is an i n v e r t e r  t r ans f or mer ,  
10 b l f i l a r  turns on a Ferroxcube 1041T060/3E2A core.  (Core is not c r i t i c a l . )
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The a m p l i f i e r s  are  e s s e n t i a l l y  grounded-base a m p l i ­
f i e r s  w i t h  heavy feedback and heavy b i a s i n g .  The I np u t  and 
out put  of  each s t age  1s n e g a t i v e - g o i n g .  Each stage 1s ( un ­
n e c e s s a r i l y )  l i n e a r  up to an I n p u t  v o l t a g e  o f  400 mV, where 
the a m p l i f i e r s  s a t u r a t e . *  The Impedance of  the c o n v e r t e r  
i np u t  1s c o n s t a n t  ( about  50 fi) up to an i np u t  a mp l i t u de  of  
5 V, a t  which p o i n t  1 t  drops s h a r p l y .  This r e s u l t s  1n an 
appa r e n t  c l i p p i n g  o f  a l l  pulses a t  t he  5 V l e v e l .  The 
c l i p p i n g  does not  m a t t e r  in o p e r a t i o n ,  s i nce  the PMT e m i t ­
t e r  f o l l o w e r s  e f f e c t i v e l y  i s o l a t e  the PMT anodes f rom the  
c o n v e r t e r  i n p u t s .  But  the e f f e c t  makes c a l i b r a t i o n  more
♦ S a t u r a t i o n  o f  the a m p l i f i e r  does not  m a t t e r ,  s i nce  
the a m p l i f i e r s  on l y  chop o f f  t he  top o f  the pu l se  a t  4 V,  
whereas the t r i g g e r s  o p e r a t e  a t  2 V. That  1s ,  the v o l t a g e  
a t  the l o w - l e v e l  t r i g g e r  decays through 2 . 0  V on l y  a few 
nanoseconds a f t e r  t he  I n s t a n t  t h a t  t he  i np ut  has decayed  
through 2 mV, r e g a r d l e s s  o f  s a t u r a t i o n  a t  4 V,  and t h i s  i n ­
s t a n t  Is a l l  t h a t  t he  c i r c u i t  1s concerned w i t h .  For  t h i s  
r eason,  the a m p l i f i e r s  do not  have to be l i n e a r  over  f o u r  
decades.  In f a c t ,  t hey  do not  have to be l i n e a r  a t  a l l .
^Our e m i t t e r  f o l l o w e r  1s a t h r e e - s t a g e  t r a n s i s t o r  
c i r c u i t  whose I n p u t  r e s i s t a n c e  1s about  400 kfl.  There 1s a 
v a r i a b l e  15 kfi swamping r e s i s t o r  and a 20 pF swamping c a ­
p a c i t o r  1n p a r a l l e l  w i t h  t he  I n p u t  to the e m i t t e r  f o l l o w e r .  
The purpose o f  t he  swamping r e s i s t o r  and c a p a c i t o r  1s to r e ­
duce the e f f e c t  o f  any changes 1n t he  I np u t  Impedance o f  the  
e m i t t e r  f o l l o w e r ,  because 1t  I s e s s e n t i a l  t h a t  the decay  
t ime con s t a n t  o f  t he  PMT pul ses remain c o n s t a n t .  The t o t a l  
I np u t  c a p a c i t y  ( i n c l u d i n g  anode,  s t r a y ,  e m i t t e r  f o l l o w e r  
I n p u t ,  and swamp1ng c a p a c i t a n c e )  1s about  40 pF.  An 11 kfl 
s e t t i n g  o f  the swamping r e s i s t o r  g i ves  t he  r e q u i r e d  430 nsec 
decay c o n s t a n t .  Test s  show t h a t  the decay c o n s t a n t  seems to 
be s t a b l e  to much l ess  than IX over  a 55 C° t e mp er a t u r e  
range .  The maximum peak anode c u r r e n t  f o r  which t he  PMT r e ­
response Is l i n e a r  to IX se t s  an upper  l i m i t  on the t o t a l  
c a p a c i t a n c e  a t  t he  PMT anode.  We suspect  t h a t  t h i s  maximum 
c u r r e n t  1s about  100 mA f o r  an RCA 8055 .  A maximum pul se  
a mp l i t u d e  of  35 V and a r i s e  t ime o f  20 nsec I mp l i e s  t h a t  
t he maximum t o l e r a b l e  anode c a p a c i t a n c e  1s about  60 pF.
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d i f f i c u l t  f o r  pul ses  g r e a t e r  than 5 V.
The r a t h e r  l a r g e  120 pF c a p a c i t o r s  between stages  
ensure t h a t  the e x p o n e n t i a l  pul se  w i l l  not  be q u a s i d i f f e r -  
e n t l a t e d ,  so t h a t  the c i r c u i t  response w i l l  be p u r e l y  
l o g a r i t h m i c .  Th i s  makes t he  a m p l i f i e r s  prone to o s c i l l a t e  
a t  a low f r equency  unless care  is t aken i n  c o n s t r u c t i n g  the  
c i r c u i t r y  and 1n p r o v i d i n g  supply  v o l t a g e  f i l t e r i n g .  
Gr ound- p l ane  c o n s t r u c t i o n ,  submlnax c a b l e ,  s h i e l d e d  sec ­
t i o n s ,  and f i l t e r i n g  w i t h  Zeners and t a n t a l u m c a p a c i t o r s  
were used to a c h i e v e  t h i s .
The t unne l  diodes 1n t h e i r  q u i e s c e n t  s t a t e  a re  f o r ­
ward b i ased we l l  I n t o  the di ode r e g i o n ,  a t  p o i n t  A in 
F i g .  11.  A n e g a t i v e  pu l se  exceedi ng 3 . 0  V sweeps the diode  
to p o i n t  B, where 1t  conducts h e a v i l y .  Dur ing the pulse  
decay the o p e r a t i n g  p o i n t  moves toward p o i n t  C. When t he  
I n p u t  v o l t a g e  decays through 2 . 0  V,  the di ode  snaps o f f  
f rom p o i n t  C to p o i n t  D, causi ng a 300 mV step 1n t he  v o l t ­
age across t he  d i o d e .  (The t h r e s h o l d  v o l t a g e s  can be ad­
j u s t e d  w i t h  t he  b i a s i n g  p o t e n t i o m e t e r s ,  R 3 and R * . )  The 
r i s e  t ime of  the v o l t a g e  across the d i ode  1s l i m i t e d  by the  
c a p a c i t a n c e  to ground a t  t h a t  p o i n t ,  so t he  c i r c u i t  con­
s t r u c t i o n  should mi n i mi z e  s t r a y  c a p a c i t a n c e  across the t u n ­
nel  d i o de s .
The d i f f e r e n t i a t o r s  R i C i  and R 2 C2 e x t r a c t  a p o s i t i v e  
s p i k e  f rom t he  pos1t 1ve- go1ng edge o f  the t unnel  diode  
p u l s e .  The sp i k e  f rom the h i g h - l e v e l  t r i g g e r  goes d i r e c t l y
o  
I mo




F i g .  11.  Vo l t a g e  vs c u r r e n t  c h a r a c t e r i s t i c  o f  t unnel  d i ode  
l e v e l  d e t e c t o r ,  showing sequence o f  o p e r a t i o n .  
Po i n t  A 1s q u i e s c e n t  s t a t e .
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to the o u t p u t ;  the l o w - l e v e l  s p i k e  is f i r s t  i n v e r t e d  and 
then sent  to the o u t p u t .  The a mp l i t u de  o f  both spi kes  i s  
about  200 mV.
Pass i ve  mi xer  c i r c u i t s  then combine the spi kes  i n t o  
two groups o f  f i v e  and a t t e n u a t e  them accor d i ng to t h e i r  
channel  o f  o r i g i n .  The spi kes d r i v e  two f a s t  l i n e a r  a m p l i ­
f i e r s * *  which in t u r n  d r i v e  t he  i nput s  o f  a F a i r c h i l d  777 
dual  beam 100 MHz o s c i l l o s c o p e .
2 . 4  Per formance and Accuracy
We have t e s t e d  s e v e r a l  u n i t s  w i t h  a c t u a l  p h o t o m u l t i ­
p l i e r  pulses rangi ng from 3 mV to 35 V. We used an a r t i f i ­
c i a l  nanosecond l i g h t  source to s i mu l a t e  s c i n t i l l a t i o n s .  
Pul se he i ght s  and out put  t imes were photographed on a d u a l ­
beam 30 MHz o s c i l l o s c o p e .  We a l so  used s i mu l a t e d  pul ses  
f rom an e x t e r n a l  p u l s e r ,  r angi ng f rom 3 mV to 5 V, and 
he i g h t s  and t imes were r ecorded on a more a c c u r a t e  85 MHz 
o s c i l l o s c o p e .  The two methods agreed w i t h i n  t h e i r  l i m i t s  
of  accur acy .
F i gur e  12 shows t he  a c t u a l  c a l i b r a t i o n  curve o f  a 
t y p i c a l  u n i t  a t  20°C.  The decay t ime o f  the p h o t o m u l t i p l i e r  
pul se  det ermi nes  the s l ope  o f  each l i n e ;  the Schmi t t  t r i g g e r  
t h r e s h o l d s  de t e r mi ne  the I n t e r c e p t s .  The t ime c o n s t a n t  1n
* S i n c e  the a r t i c l e  was p u b l i s h e d ,  we have changed
the system.  I t  now uses a s e p a r a t e  ava l anche  pul se  ge n e r a ­
t o r  f o r  each o f  the 20 p o s s i b l e  s p i k e s .  This  was one of  
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Fi g .  12. Actual  c a l i b r a t i o n  curve of  a t y p i c a l  c o n v e r t e r  
module a t  20°C.  Curves at  +38 and -19°C do not  
d i f f e r  enough to show on graph.
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t h i s  case was i n  somewhat l ess than 430 nsec,  and t he  two 
t h r e sh o l d s  were 1 . 9 0  mV and 210 mV. Note t h a t  no sp i ke  
coul d appear  b e f o r e  120 nsec had passed because of  the  
t unnel  diode h y s t e r e s i s .  The o p e r a t i n g  range o f  a mpl i t ude s  
was 2 . 8 0  mV to 35 mV.
The two f a c t o r s  which l i m i t  the c i r c u i t  accuracy 1n 
p r a c t i c e  are  ( 1 )  phot ot ube  no i se  pul ses which occur  dur i ng  
t he 2 ysec pr oc e ss i ng  t i me or a few microseconds b e f o r e  the  
e v e n t ,  and ( 2 )  the p r e c i s i o n  w i t h  which one can measure the  
occur r ence  t i me  o f  a s p i k e  f rom a phot ogr aph.
The e r r o r  due to phot otube  no i se  1s smal l  whenever  
t he s i g n a l  pulses can be made much l a r g e r  than the h e i g h t  
f o r  which no i se  pulses have l ess  t h a n ,  say ,  IX p r o b a b i l i t y  
o f  o c c u r r i n g  1n a 2 ysec I n t e r v a l .  Th i s  1s the case 1n our  
system except  1n c a l i b r a t i o n ,  which uses s i n g l e  muons. *
*To demonst r a t e  t h a t  PMT noi se  1s n e g l i g i b l e  1n our  
case ,  we set  up a p r o t o t y p e  o f  our  s c 1 n t l 11 a t or -PMT system,  
s i m u l a t i n g  s c i n t i l l a t i o n s  w i t h  an a r t i f i c i a l  nanosecond 
l i g h t  source mounted w i t h i n  t he  s c i n t i l l a t o r .  The s m a l l e s t  
cascade we expec t  to r ecor d  c o n t a i n s  about  100 minimum-  
i o n i z i n g  p a r t i c l e s ,  so we se t  t he  l i g h t  source a t  100 t imes  
the I n t e n s i t y  o f  a s i n g l e  m1n1mum-1on1z1ng muon. We then  
measured the s i gn a l  pu l se  h e i g h t  and the no i se  pu l se  f r e ­
quency under  v a r i o u s  c o n d i t i o n s .  Below is one set  o f  d a t a .
S c i n t i l l a t o r :  2 . 5 4  cm t h i c k  p l a s t i c  ( P i l o t - * ) .
PMT: RCA 8055 12 . 7  cm dlam.
Ar rangement :  PMT 91 cm f rom t h i n  edge o f  s c i n t i l l a t o r ,
l i g h t  source 91 cm w i t h i n  s c i n t i l l a t o r .
PMT v o l t a g e :  1100 V.
PMT t e mp e r a t u r e :  20°C.
Average s i g n a l  pu l se  h e i g h t :  275 mV.
Frequency o f  no i se  pul ses g r e a t e r  than 2 . 7 5  mV:
1022 p u l s e s / s e c .
We w i l l  p r ob ab l y  reduce t he  s i g n a l  pu l s e  h e i g h t  to 3 mV 
wi t h  a t t e n u a t o r s  pl aced a f t e r  the PMT e m i t t e r  f o l l o w e r s ,
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The r e l a t i v e  e r r o r  1n the pul se h e i g h t  E due to the 
e r r o r  A ( t ^ - t 0 ) i n  measurement  o f  t he  t i me I n t e r v a l  
i s a p p r o x i m a t e l y  [ a ( ) ] / ( 4 3 2  nsec ) .
The same r e l a t i o n  a p p l i e s  to the l ower  l e v e l .  The 
per c ent age  e r r o r  Is I ndependent  o f  pul se  h e i g h t ,  and 1t  de ­
pends on l y  on the s i z e  o f  the t ime e r r o r  as compared to the  
decay c o n s t a n t  o f  the p u l s e .  A measure o f  the r ead i ng  
e r r o r  A 1 s  the h a l f w i d t h  a t  hal f -maximum of  the o u t ­
put  p u l s e s ,  I . e . ,  5 nsec.  The cor r espondi ng  pe r cent age  
e r r o r  1s ±1.2%.
Temperature  v a r i a t i o n  and I n t e r n a l  c i r c u i t  no i se  
c o n t r i b u t e  l ess  e r r o r  than the r ead i ng  e r r o r .  The low-  
l e v e l  pu l se  has some t i me j i t t e r  due to a m p l i f i e r  n o i s e .
This j i t t e r  1s about  ±2 nsec ( ± 0 . 5 % ) .  The h i g h - l e v e l  
pul se  has no measurabl e  j i t t e r .  The c i r c u i t  has been 
t e s t e d  f rom - 19  to +38°C.  The average t e mp er a t u r e  v a r i a ­
t i o n  o f  a t y p i c a l  u n i t  was +0.06% per  deg C f o r  the low 
l e v e l  and - 0 . 018% per  deg C f o r  t he  high l e v e l .  The l a r g e s t  
t e mp er a t u r e  e r r o r  was 0.16% per  deg C. Since we c o n t r o l  the  
c i r c u i t  t e mp e r a t u r e  to ± 2 . 8 ° C ,  our  e r r o r  due to t e mp e r a t u r e  
v a r i a t i o n s  I s  l ess  than ±0.5%.  The rms v a l ue  o f  a l l  t hese  
e r r o r s  ( t h e r m a l ,  no i se  j i t t e r ,  and measurement  e r r o r s )  1s 
1.4%.
but  t h a t  would not  change t he  s l g n a l - t o - n o l s e  r a t i o .  The 
data  imply t h a t  P ■ p r o b a b i l i t y  o f  a no i se  pu l se  ( g r e a t e r  
than 1% o f  t he  minimum s i g n a l )  o c c u r r i n g  In any 2 psec 
i n t e r v a l  2: 0 .2%.
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The c i r c u i t  can handl e  I n p u t  a mpl i t ude s  from 3 mV to  
35 V, w i t h  the ou t pu t  r e p r e s e n t i n g  t he  i np u t  to an accuracy  
of  about  ±1.5% over  t he  whole range o f  I np ut  a mp l i t u d e s .
2 . 5  P o s s i b l e  Improvements
A new des i gn i n c o r p o r a t i n g  the same p r i n c i p l e s  
should use a s i m p l e r  a m p l i f i e r ,  one which is not  as l i n e a r  
as t he  one de s cr i be d  h e r e .  A l s o ,  each t unnel  d i ode  should  
d r i v e  an a v a l anche  t r a n s i s t o r  d i r e c t l y .  Thi s  would e l i m i ­
nat e  t he  n e c e s s i t y  f o r  t he  l i n e a r  a m p l i f i e r s  which d r i v e  
the o s c i l l o s c o p e ,  and 1t  would p r o v i d e  nar r ower  s p i k e s .
Each l e v e l  could cover  t h r e e  decades I n s t e a d  o f  two,  
or  a d d i t i o n a l  l e v e l s  w i t h  d i f f e r e n t  codi ng coul d  be used to  
I n c r e a s e  the dynamic range to s i x  or  seven decades.  M u l t i ­
channel  a n a l y z e r s  coul d  use a l i n e a r  decay w i t h  s e v er a l  
( no nz er o )  t r i g g e r i n g  l e v e l s  to ex t end t h e i r  range and accu­
r a c y .  When I n e x p e n s i v e  100 MH2 s c a l e r s  become a v a i l a b l e  
t he  ou t p u t  could be e a s i l y  d i g i t i z e d .
Because I t  s e l e c t s  a mp l i t u d e  ranges 1n a n a t u r a l  
way,  t he  m u l t i l e v e l  t e c h n i q u e  1s a p p l i c a b l e  to a v a r i e t y  o f  
e x p e r i m e n t s .
I want  to thank Wol fgang Schmidt^ f o r  c l e a r l y  o u t l i n ­
ing t he  shor tcomings o f  c o n v e n t i o n a l  a n a l y z e r s  to me and f o r  
sugge s t i ng  t h a t  t unne l  diodes be t r i e d  as Schmi t t  t r i g g e r s .
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Now a t  t he  Max Pl anck I n s t i t u t e  f o r  E x t r a t e r r e s ­
t r i a l  P h y s i c s ,  Munich,  Germany.
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